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The article investigates a generic framework to estimate maintenance costs attributed to the No Fault
Found (NFF) phenomenon. Such overhead costs are particularly difﬁcult to quantify due to potentially
serviceable equipment being returned for repair. Other factors, such as a reduction in the availability of
the system, compromising reliability of high value assets, and logistical factors, can all contribute to the
cost of resolving an unknown fault. Here we apply the soft systems methodology to capture the critical
cost drivers of NFF across the supply chain and build a framework to estimate the cost of NFF. We use a
multi-method design including an online survey, workshops and semi-structured interviews to study
NFF related cost practices based on information from 12 key participants across 7 UK organisations. The
study identiﬁes the major NFF cost drivers across the supply chain (e.g. transportation), the OEM (e.g.
inventory) and the customer (e.g. lost man hours). An agent based model is used to evaluate the impact
of these cost drivers on the overall NFF cost. The analysis shows how the most appropriate drivers can be
selected to represent the cumulative costs due to NFF events and their impacts across the supply net-
work. From the academic perspective, the generic framework for NFF cost estimation demonstrates how
qualitative and quantitative information can be used together to achieve maintenance objectives. From a
practical perspective, by applying the framework on one component, an organisation has the liberty to
analyse the cost of NFF for that particular unit only.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
System interruptions occur in different forms. Gradual degra-
dation, given the time taken to source and ﬁt a new electronic
component, is rather trivial. However, a component breaking
during operation is more alarming, as it impedes the ability of the
system to perform its function until the component is replaced.
Another form of interruption (in the same category) is that of
reported faults where the root-cause of the problem cannot be
diagnosed. In these situations, a suspected component is swapped,
only for it to be found that the fault has not gone away. Further-
more, when the removed component makes its way through the
supply chain to the supplier to be tested (for functionality), it is
found to be functioning as expected. This phenomenon has been
given the name “No Fault Found (NFF)” and is the subject of this
research paper. Due to complex interactions between various
stakeholders, it becomes troublesome not only to diagnose such
problems, but also to put a cost on the process to resolve them.r B.V. This is an open access article
hmet Erkoyuncu).Some authors argue that preventive maintenance plans might
be inaccurate when used in practice, as it is difﬁcult to assess the
precise impact of any inaccuracies; but it is likely that they will
lead to further unnecessary costs. Braaksma et al. (2013) had
showed that companies have a tendency to widen their safety
margins and apply extra maintenance in case of inaccuracies or
uncertainties in their analyses (Braaksma et al., 2013). Therefore,
the consequences of any uncertainties (such as NFF events) are
operationally and economically detrimental – with incorrect
diagnoses, repairs penalise organisations in terms of lost labour
hour costs, waste of maintenance costs, machine downtime and
unavailability of aircraft/equipment. This further damages repu-
tation and business relations within the supply chain. In fact, Khan
(2015) advocates that for an equipment having an in service life of
around 20 years, the operating and service/maintenance activities
accounts for about 60–80% of the total whole life cycle cost of the
equipment (Khan, 2015).
The cost suffered from NFF, until recently, been part of ‘the cost of
doing business’ (Knotts, 1999). But, with organisations now striving
to operate much more efﬁciently, this NFF overhead can no longer be
accommodated and hence the ingredients of the problem have to be
examined. Pecht (2012) highlights the signiﬁcant economic impact ofunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the implementation of prognostics and health management to
improve the costs.
An overview of the costs incurred on businesses from NFF
events have been attributed to the following:
1. Operations and maintenance: lost man hours, direct main-
tenance cost, warranty cover, production cost, machine una-
vailability, intangible costs (loss of future business).
2. Stakeholder: intangible costs (reputation), warranty cover, cost
of in-tolerance failures, system operation training and safety.
3. Original Equipment Manufacturer: capital expenditure, inven-
tory maintenance, obsolescence cost and repair cost.
4. Supply chain: intangible cost (loss in productivity), packaging
and handling costs, machine downtime and transportation cost.
Even though this list is an attempt to be inclusive; with diverse
business models and sectors, other sources may well emerge.
Direct maintenance costs of components and man power are easily
quantiﬁed, but there are other major impacts upon overall busi-
ness costs (often hidden) that are not easily understood – such as
customer perception (Cockram and Huby, 2009). These also
include costs within the supply chain, maintenance performance,
and wasted maintenance efforts.
1.1. Contributions and importance of this work
In this paper, a NFF cost estimation framework is developed to
support decision makers for managing their supply chains, with an
NFF overhead. The NFF research has been conducted as part of the
the Engineering and Physical Sciences Research Council (EPSRC)
Centre for Innovative Manufacturing – Through-life Engineering
Services. The core members of the Centre include Ministry of
Defence, BAE Systems, Bombardier Transportation and Rolls Royce
and Babcock International. The aim of the research is twofold:
(1) determining the costs breakdown of NFF problems, (2) devel-
oping a dynamic simulation to estimate NFF costs over time and
across the supply chain. In this paper a framework to estimate NFF
costs has been developed. A framework is a basic structure that
underlines a system concept. In order to initiate the framework a
dynamic model has been developed. This represents the behaviour
of NFF over time; it is deﬁned by a set of states that contain
probabilistic properties. Its contributions can be summarised as
follows:
 This is the ﬁrst paper to identify suitable simulation involving
an agent based approach to NFF cost estimation.
 This is the ﬁrst paper to identify the list of NFF cost drivers and
to offer a process to categorise and prioritise them.
 Development of a framework, which can be used as a decision
support to estimate NFF costs.
 The approach taken for the veriﬁcation and validation of the
framework and dynamic model to determine its applicability.
The proposed study has its merits. It addresses a critical need
by presenting an agent-based framework for NFF cost analysis
(where software agents exhibit collaboration, intelligence, mobi-
lity) and hence is ideal for modelling and analysis of supply chain
costs. The solution can also emulate the costs at different levels of
granularity i.e. cross industry, and within organisations. But more
importantly, the paper has managerial implications:
 For system manufacturers it offers an opportunity to develop
contracts to the system integrators that take in to account the
NFF costs. For system integrators it provides an approach to estimate the
cost of NFF so that bid proposals with higher conﬁdence can be
put forward to the system operators.
 For system operators a systematic process is offered to estimate
NFF costs across the supply chain.
1.2. Organisation of the paper
The paper is structured as follows: Section 2 discusses the lit-
erature review on the NFF phenomena and its associated costs.
The methodology, adopted by the authors, to carry out this
research work is detailed in Section 3. This is followed by an
overview of the participating industry responses and practices on
dealing with NFF issues within their organisations in Section 4.
Sections 5 and 6 present a framework that can be used to estimate
the costs attributed to NFF events with the help of an agent based
model, followed by its validation and discussion. Finally, Section 7
highlights the conclusions and the future work from the research.2. Literature review
2.1. The NFF phenomena
Within the aerospace sector, research on NFF events has gained
renewed interest in the past decade (Khan et al., 2014). They have
reported the major share of NFF failures, primarily within aircraft
avionics, which indicates the correlation between increasing
electronic components within modern systems and the NFF rate.
This also demonstrates how an inconsequential event can build up
into a strategic concern for organisations within their competitive
environment.
A typical maintenance activity is described in Fig. 1. When
faults occur, maintenance personnel are called to ﬁnd them. Pro-
cedurally, they rely on fault isolation manuals or manufacturer
documents. If a component is not removed, then it is tagged ser-
viceable. On the other hand, if the maintenance removes a com-
ponent, it is sent to depth maintenance for further testing. At
depth, if no fault is discovered, concerns are raised on why a ser-
viceable component was removed from service. It is tagged as an
NFF. NFF is therefore described as the output of a diagnostic pro-
cess where “the root case of a reported fault cannot be veriﬁed”. It
has a negative impact on the business (as it is an overhead) and
hence its effects must be minimised to maximise proﬁts.
Khan et al. (2014) have also classiﬁed NFF into four categories:
1. Fault diagnostics – includes research into sensors, testing,
troubleshooting, fault isolation manuals, built-in-tests and
environmental testing.
2. System design – includes hardware and software design,
operational feedback, key performance indicators, benchmark-
ing and cost trade-off studies.
3. Human factors – includes communication, training and educa-
tion, correct equipment usage, warranty claims and
accountability.
4. Data management - includes data trending, e-logs and data
fusion/mining.
These categories, elaborated in Fig. 2, provide an overview of
the key industrial themes in NFF realised through an international
NFF symposium in 2013.
To limit the scope, this paper is only concerned with the System
Design category; in particular, the cost trade-off. Since NFF events
create logistical problems (and ﬁnancial implications) to almost all
entities involved within through-life support, it is important to
investigate its effects from operators and customers, to the
Fig. 1. Typical maintenance activity (Khan et al., 2014).
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in this research, the inﬂuence of NFF – on the maintenance plan-
ning and system availability – is evident to maintenance man-
agers. This is because they are responsible for spares and man-
power provisioning. However, it seems that it is not so evident to
the maintenance engineers who are just doing the routine repair
work, or to the level above the maintenance managers, as the
metrics to measure such problems are not in place. This is furthercompounded due to availability contracts not acknowledging NFF
issues, let alone deﬁning who will be liable for its costs. Since
effective maintenance management is paramount in the resolution
and reduction of such events, contractual obligations must be
recognised as a vital phase in the need to improve supporting
actions and budgeting for NFF reduction.
It is important to note that the management of failures (during
maintenance) is driven by their consequences. These include the
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(Hockley and Lacey, 2015). Both are important; the impact on
safety receives most attention and is inﬂuenced by regulating
authorities. The impact on availability receives attention; as delays
and cancellations cost money and reputation and ultimately
affects shareholders and proﬁts. Many aircraft maintainers accept
high NFF rates if their delays and cancellations are minimised;
ensuring reputation and revenue is paramount (Khan et al., 2015).
Others may hide the issue, or are having NFF issues without
actually realising the cost to their business. However, there are
many causes of NFF that have a lot of similarity between the
human factors that cause maintenance errors and those that cause
(or contribute) the problem. The link between NFF and aircraft
safety is, however, yet to be fully understood and is part of ongoing
research.1
Furthermore in cost related NFF literature, Williams et al.
(1998) claimed that NFF events can make up more than 85% of all
observed ﬁeld failures within avionics components. They also
account for more than 90% of all maintenance costs, which can be
attributed to the following:
1. A limited understanding of root cause failure characteristics of a
complex system,
2. Inappropriate means of diagnosing the condition of the
system, and
3. The inability to duplicate the ﬁeld conditions in the laboratory.
Within industry, customers often fall into two categories, those
that maintain their own system (e.g. a ﬂeet of aircraft, ships or
other vehicles) and those who sub-contract their systems (e.g.
ﬂeet maintenance) either completely or partially (Baines et al.,
2007). NFF events inﬂict a burden on both of their maintenance
operations, leading to ﬁnancial implications due to increased
downtime of the equipment and additional supply chain costs.
There is also a reduction in the overall operational availability
depending on the reliability, maintenance and logistical efforts, all
of which contribute to the cost of resolving a NFF reported event.
The costs are often quantiﬁed by measuring the proportion of the
repair budget that is spent (or wasted) on maintenance activities
involved in locating the root cause of the NFF event. Without high
levels of conﬁdence that a reported fault is not ﬁxed correctly the
ﬁrst time, along with a high probability of reoccurrence, there will
be a measurable impact on the business output.
Wu (2011) identiﬁed that design and fault diagnosis are the key
factors that inﬂuence such costs, whilst discussing a maintenance
free operating period, and a fault diagnosis expert system for
improvements. However, a large proportion of cost spent on NFF
events can be attributed to warranty claims (Wu, 2014; Pecht,
2006; Hughes and Kornowa-Weichel, 2004). A six sigma metho-
dology, driven by customer satisfaction and the reduction of the
warranty cost was proposed by Jin et al. (2011). The study aimed to
expand the Six Sigma tools in applications, where products are
designed and developed under the fast time-to-market require-
ment. Depending on how the maintenance contract is setup,
claims can be made to include human factors or intermittent
failures (which constitutes quite a large proportion of the entire
claim population). Some ﬁgures published by the Air Transport
Association (ATA) in 1997 estimated annual NFF costs for an airline
operating 200 aircraft at $20M, or $100,000 per aircraft per year. It
is likely that a similar ﬁgure is true for today’s airline industry even
though such a ﬁgure is not currently available. Other studies show1 In the highly regulated world of aviation, it is as yet not fully understood by
those who are responsible and accountable, that there is a link between NFF and
safety. Unless the case can be made, there is little chance that the regulatory
authorities will seek to change current practice.that some 4500 NFF events were costing ATA member airlines
$100M annually (Beniaminy and Joseph, 2002). Recent efforts
within the United States Air Force to mitigate NFF focused on
tackling individual avionics equipment, such as the Modular Lower
Power Radio Frequency unit for the F-16. It was found that in
excess of $2M in maintenance costs were being incurred annually
for just this one unit at the maintenance depots. The Boeing 787
Dreamliner had recently raised safety issues after overheating
batteries caught ﬁre while the aircraft was parked at Boston Logan
International Airport. Investigations indicated a number of
potential causes and faulty components for the ﬁre, with each case
ending in a NFF. There was a direct knock-on effect on businesses
as many airlines had to ground their aircraft due to safety con-
cerns. Analysts forecasted that while these aircraft were out of
service it cost Boeing an estimated $393M, while also impacting
upon their production line and future deliveries. This issue prob-
ably cost hundreds of millions of dollars on its own, as airlines are
likely to seek ﬁnancial compensation for their delays and loss of
service. Such high costs provide the incentive to tackle the NFF
problem, but the underlying reasons must be understood and
separately resolved in each organisation (Denning, 2013; Khan
et al., 2014).
A non-exhaustive list of the main NFF drivers according to
(Williams et al., 1998; Thomas et al., 2002; Khan et al., 2014) can
be summarised as follows:
 inadequate training,
 incomplete fault isolation and troubleshooting manuals,
 inadequate environmental stimulus during troubleshooting and
bench testing,
 intermittent faults in electronic equipment,
 software immaturity,
 non-existent NFF management policies, and
 barriers due to organisational culture.
The above list indicates a lack of awareness to the problem and
hence a lack of appropriate benchmarking tools to evaluate its
consequential impact on the business. Thomas et al. (2002) high-
lighted the costs suffered by vehicle manufacturers in a case study
for a Ford electronic ignition unit, where the inability to verify a
unit’s continuous NFF issues led to legal action against the com-
pany resulting in a mandatory recall of the vehicles ﬁtted with the
electronic ignition. Information regarding ﬁnancial costs of NFF
within many industries in particular the aerospace industry, is
difﬁcult to obtain with limited formation in the public domain.
Some reasons for this which are evident:
1. Sensitivity of the information: organisations are reluctant to risk
commercial data falling in to the hands of a competitor and
within the aerospace industry there has always been a culture
of secrecy surrounding maintenance activities.
2. Industries just do not know exactly how much NFF is costing:
one aspect of this is that the complexity of the NFF issue results
in difﬁculties in assigning an accurate ﬁnancial ﬁgure within
reasonable uncertainty levels.
3. In the current economic climate, many business departments
are afraid to ‘admit their shortcomings’ and justifying the
budget being spent on unknown faults.
Although, the warranty costs within the automotive industry
has been realized as the most signiﬁcant overhead, globally, the
automotive sector spends only 1–3% of its product revenue on
warranty. Warranty expenses associated with recalls are approxi-
mately $12.3 billion annually exceeding the manufacturers' yearly
proﬁts (Tian, 2007). This adds up to a vehicle’s life-cycle cost, and
more importantly, indicates the proven potential of failure with a
J. Ahmet Erkoyuncu et al. / Int. J. Production Economics 173 (2016) 207–222 211part which may reduce customer satisfaction to damage vehicles'
brand image (Jones and Hayes, 2001). This means that there is no
complete, robust and reliable cost model currently available for
measuring and calculating the ﬁnancial impact of NFF. Therefore,
one of the novelties presented in this paper makes use of an agent
based model to help with this analysis.
2.2. Cost modelling
The literature on ‘cost modelling’ has mainly focused on man-
ufacturing physical products, whereas costing of services has
received much less attention. NFF is an increasingly costly area in
maintenance delivery and requires adequate approaches to esti-
mate an NFF budget. This is especially the case where the service
content is not viewed merely as an add-on feature to the product
sale and is considered as an integrated solution. A minimum cost
ﬂow model for “level of repair analysis” was discussed by Basten
et al. (2011). For each component in the product, they determined
whether it should be discarded (or be repaired upon failure) and at
which location in the repair network to perform the maintenance
activity. The focus of the costs varies between the delivery of
products and services. For instance, the product development
process encompasses several areas, including marketing, con-
ceptual design, detailed design, process selection and cost esti-
mation (Datta and Roy, 2010). Uncertainty also has a major role in
managing the cost of NFF. This involves the level of certainty in the
prediction of the outcomes. The source of uncertainty could be due
to ambiguity, which is driven by knowledge or environmental
variability (Erkoyuncu et al., 2011). The speciﬁc NFF costs will be
further discussed in Section 5.4 of this article.
Anecdotal evidence suggests that NFF experienced in main-
tenance cost is traditionally considered in a static manner where
the system operates in a certain ﬁxed time instant (e.g. Monte
Carlo simulation). On the other hand, stochastic time based
models use random variables to reproduce the possible occurrence
of events that are unknown a priori. In this process, probability
distributions are used to represent stochastic phenomena experi-
enced randomly over time. Stochastic techniques have commonly
been applied to represent dynamic behaviour in systems, espe-
cially to monitor the supply chain (Forrester, 2003). Three simu-
lation approaches are typically applied: discrete event simulation
(DES), system dynamics (SD) and agent based modelling (ABM), as
represented in Fig. 3.
These approaches are applied at different levels including
strategic, operational and planning (Erkoyuncu, 2011). In litera-
ture, SD and ABM have been used equally to address strategic and
planning problems. On the other hand, DES has heavily focused on
planning problems, while it has also been used for the operational
context (Chin-Yuan Fan and Fan, 2010).
ABM adopts a bottom-up approach that aims to build from the
local-behaviour to capture the total system level outcomes. TheFig. 3. Simulation approaches across problems (Erkoyuncu, 2011).growing interest in ABM is associated to a number of reasons,
including growth in complexity across activities, which is driven
by the increased interdependencies. Although, this is not a new
challenge, traditional approaches in some cases have built in
potentially unrealistic assumptions for modelling purposes. ABM
offers to model more ﬂuid-turbulent conditions through agents
that have decision making capability that are not ﬁxed or given,
but susceptible to changes that can adapt their behaviour (Nilsson
and Darley, 2006). Although, there are a number of potential
beneﬁts to be realised from the approach, its application in NFF
cost estimation has been limited. Therefore, the authors of this
paper demonstrate that the application of ABM would be suitable
to study NFF cost estimations, whilst yielding useful information
regarding the outcomes of interactions across various main-
tenance scenarios.
There are additional reasons for the growth of ABM such as
ability to simulate increased amount of data at lower levels
of granularity and the increase in computational power, which
enables to conduct more detailed analysis. The key difference
of ABM from other simulation approaches was highlighted in
(Nilsson and Darley, 2006) as:
“... it is the ﬂexibility and high-level nature of these interactions
(cooperation, coordination, negotiation) which distinguishes
multi-agent systems from other forms of software and which
provides the underlying power of the paradigm”
The novelty of this paper is associated to breaking down the
costs of NFF and building a dynamic approach to estimate NFF
costs over time and across the supply chain. The term main-
tenance strategy considers whether a reactive or breakdown
maintenance, preventive and predictive maintenance type policy
will be adopted (Pinjala et al., 2006). The type of maintenance
policy inﬂuences a company’s ability to compete on the basis of
cost, quality and delivery performance. Swanson (2003) state that
information systems have a major role in handling complexity;
which is highly relevant in delivering maintenance for NFF prone
systems. Such systems can help with building decision support
structure that aids the NFF management process (Darwish and
Ben-Daya, 2007). The ability to predict NFF behaviour will reduce
the need to keep excessive inventory of spare parts and it will
allow effective equipment maintenance delivery (Horenbeek et al.,
2013). In this process the ability to assess risk plays an important
role, which it could facilitate with understanding the NFF drivers
and how they impact on the maintenance costs (Chemweno et al.,
2015).3. Methodology
The methodology of the paper ﬁts within the description of
Soft Systems Methodology proposed by Checkland (1989). It is
used to capture the critical cost drivers of NFF across the supply
chain and to build a framework to estimate the cost of NFF. This
ﬂexible approach was taken in mind of the real world industrial
context of NFF and to improve its practices through an iterative
analysis, design, development, and implementation. An essential
part of the study is the collaboration among researchers and
practitioners. Within this process, the in-depth interaction with
industrial practitioners was formed to gather data on current
practice and challenges experienced. The research participants
initially involved three engineers that illustrated the signiﬁcance
of the NFF challenge and how the cost of NFF was estimated. These
pre interviews were used to develop a survey/questionnaire to
collect relevant information about NFF costs.
Table 1
List of participants.
# Background Years of experience
Participant 1a Reliability engineer 12
Participant 2 Reliability manager 8
Participant 3 Service manager 14
Participant 4 Maintenance engineer 18
Participant 5a Airworthiness manager 8þ
Participant 6 Project manager 7
Participant 7a Senior reliability engineer 14
Participant 8 Maintenance engineer 8
Participant 9 Technical director 18
Participant 10 Commercial aviation consultant (retired) 30þ
Participant 11 Operational performance engineer 23þ
Participant 12 Managing director 23
a Participants took part in the pre-data collection process and validation pro-
cess.
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‘soft’ problems, i.e. problems that have a lack of deﬁnition of ‘what’
and ‘how’s of an investigated concept. The approach has com-
monly been adopted to present ‘a view of what could exist’ in the
real world (Gregory, 1993). Due to this feature, the research work
reported in this paper adopted this approach against other
methods, such as structured systems analysis, business process
modelling and value stream. Soft Systems Methodology typically
consists of seven stages: (i) approaching the problem situation, (ii)
expressing the problem situation, (iii) generating root deﬁnitions
of relevant systems, (iv) constructing conceptual models of
‘human activity systems’, (v) comparing the models with real
cases, (vi) generate list of deﬁning desirable and feasible changes,
and (vii) taking steps to improve the problem situation. In this
process industry input is necessary in Steps 1, 2, 5, 6 and 7, while
Step 3 and 4 is based on decomposing the complexity of the sys-
tem. This work divides these seven stages into three phases of the
project. Phase 1 deals with stages 1 and 2. Phase 2 deals with
stages 3, 4, 5 and 6. Phase 3 concentrates on stage 7. This helps
identify and categorise NFF the cost drivers; adopting a ‘situa-
tion-driven’ mode to the Soft Systems Methodology approach
(Checkland, 1989).
In order to implement these phases, the research utilised a
multi-method design involving the use of online survey, work-
shops and semi-structured interviews. These methods (online
survey, 4 workshops and 2 rounds of semi-structured) were used
to gather and analyse data from 12 key participants (from 7 UK
organisations2) with industrial experiences ranging from 7 to 32
years, as described in Table 1. The methods selected to elicit data
was inﬂuenced by the industrial context of the study and key
informants during initial consultations. Key informants were
considered to have extensive knowledge and willing to share their
knowledge and skills with the researchers. These individuals were
considered to have in-depth knowledge in NFF. The strategy for
the methodology is illustrated in Fig. 4.
During Phase 1 (stages 1 and 2) of the research project, an
initial list of NFF cost drivers was developed. In Phase 2 (stages 3,
4, 5 and 6), the developed list was further developed, reﬁned,
analysed and categorised; leading to the ﬁnalised list of NFF cost
drivers. Phase 3 (stage 7) focused on developing a dynamic mod-
elling approach using agent based modelling as a means to esti-
mate and improve the NFF costs.
3.1. Familiarisation of NFF cost (Soft Systems Methodology stages
1 and 2)
This initially involved an in-depth review of literature in order
to understand the impact of the NFF phenomena and the state-of-
the-art in academic related research. This consisted of topics such
as the current technologies, drivers of NFF, cost drivers of NFF,
processes and methodologies which are used in practice or have
been proposed for the mitigation of the NFF problem. Subsequent
to the literature review, a series of industrial interviews were
carried out amongst industry organisations. Driven by the targets
set out for this research, the focal point of the industrial data eli-
citation was in line with the ﬁrst three stages of Soft Systems
Methodology (Checkland, 1989). The target was to address ‘What
cost drivers are experienced across the supply chain?’ ‘How NFF
costs can be estimated?’ and ‘Who will beneﬁt from NFF cost
improvements?’ A major target of the literature review was to
understand the state of current NFF research. This aims to yield2 For conﬁdentiality purposes and at the request of participating ﬁrms, anon-
ymised descriptions of informants are provided – not the participating ﬁrms – to
avoid making the ﬁrms easily identiﬁable at least to those familiar with the defence
or naval industry.insights for industrial practitioners and academic researchers on
the major trends, signiﬁcant works, and future directions. There-
fore a thorough review of literature has been conducted. The scope
of the investigation covers the timeframe between 1990 and 2015.
The research is based on reviewing a variety of journals and
conference articles around NFF concepts and its application. A
range of sources contributed to the ﬁndings including electronic
databases including: Scopus, Emerald insight, Science Direct, IEEE
Xplorer, IET Digital Library. One of the key ﬁndings of the literature
review was the lack of breakdown of cost drivers and a lack of
systematic frameworks to estimate the cost of NFF. For the semi-
structured interviews (three in total with Participants 1, 5 and 7),
experts commented on how NFF costs are increasing and why it is
growing in importance for service oriented contracts. The inter-
views also put an emphasis on what are the NFF costs and how the
NFF costs can be modelled.
The results from the interviews and literature review lead to
the development of an online survey. The survey aimed to validate
the ﬁndings across a broader set of participants. Further details on
the survey are provided in Section 4.1.
3.2. Development of an initial list of NFF cost drivers (Soft Systems
Methodology stages 3 and 4)
An essential part of the research effort has been applied to gain
NFF cost knowledge for both scheduled and unscheduled main-
tenance practices. This involved carrying out ﬁve industrial inter-
views (Participants 1, 5 and 7) and one workshop (including Par-
ticipants 3, 6 and 12), which lasted between one to two hours. In
this process, the interviews were conducted iteratively to elicit a
list of potential NFF cost drivers based on three challenging pro-
jects that participants delivered within their context. The inter-
views also explored the current processes for managing NFF and
estimating NFF costs. Subsequently the workshop aimed to vali-
date the list of cost drivers and processes that were collated. This
approach has led to the basic understanding of how NFF costs
manifest themselves in a diagnostic process. This process involved
close collaboration with the UK NFF Working Group (NFF WG). The
ADS MRO & Logistics Network has established the UK NFF WG
with a view to cutting across organisational boundaries in pursuit
of a joined-up approach to solving NFF across the aerospace
industry. From the outset, support from Cranﬁeld University and
other industrial collaborators – like Copernicus Technology Ltd. –
have been instrumental in the work of the group (Khan et al.,
2014). The decision follows a strategic review of the UK MRO
sector by members of ADS (the UK trade association for aerospace,
defence and security industries) and the Aerospace, Aviation &
Defence Knowledge Transfer Network. It was recognised that there
Fig. 4. The adopted research methodology for data collection and model development.
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and competitive edge by making a step-change in improvements
to solve NFF problems. The group is actively involved with
examining the potential to use members’ maintenance data and to
identify opportunities for NFF improvement case studies. As an
outcome of the stages 3 and 4 the authors recognised that the NFF
challenge is experienced across the supply chain and requires an
integrated solution, which should be reﬂected in the cost esti-
mation process. This promoted eliciting cost drivers for the cus-
tomer, original equipment manufacturer and supplier.
3.3. Further reﬁnement (Soft Systems Methodology stages 5 and 6)
The process of validating the collated cost drivers and cost
estimation processes included two workshops (attended by Par-
ticipants 5–9 and Par 10–12 in the two instances). The reﬁnement
was experienced in what are the key drivers of NFF and various
costing processes.
3.4. Development of software tool for NFF cost estimation (Soft
Systems Methodology stage 7)
A behavioural model was developed using agent based mod-
elling in AnyLogic™. AnyLogic™ is the ﬁrst and only tool that
brings together System Dynamics, Discrete Event, and Agent Based
methods within one modelling language and one model devel-
opment environment. The language of AnyLogic™ is relatively
ﬂexible and enables the capture of complexity and heterogeneity
of business, economy and social systems at any level of detail to
gain deeper insight into interdependent processes going on inside
and around the organisation. This ﬁnal stage involved a workshop
that was attended by 8 participants (Participants 1– 5, 8, 10, 11).
The ﬁnalised model was presented and validated by the infor-
mants of the study based on completeness of model to estimate
cost and the comprehensiveness of how NFF is experienced across
the supply chain. Using the NFF cost list, a dynamic model was
developed to aid in the analysis of NFF costs. It focuses on aidingengineering teams involved in delivering maintenance and face
NFF challenges.4. Identiﬁcation of current practice
This section provides further details for each of the key stages
identiﬁed in Fig. 4. The next four sub-sections present the four
steps in developing a NFF cost model and the validation of the
model is presented in Section 5.
4.1. Survey data collection
The research developed a questionnaire (from literature review
and pre data collection interviews) that primarily aims to gather
information related to the cost impact of NFF. The set of questions
have been included in the appendices. The primary questions in
the online questionnaire focused on the identiﬁcation of the costs
involved:
 During Preventive maintenance (PM),
 during Corrective maintenance (CM), and
 across the supply chain during NFF occurrence.
In addition, other questions focused on:
 The root cause of NFF occurrence, and
 their sensitivity to the project impact.
This survey was shared with the UK NFF Working Group (that
has representatives across industries such as aerospace, defence,
transportation, consumer electronics, etc.) and targeted organisa-
tions that promoted completion of the survey internally. In total 27
people responded. The respondents included roles such as Head of
Capability, Senior Reliability Engineer, Service Engineer, Engi-
neering Manager, and Repair Engineering Technical Support.
Overall, the largest rate of responses came from the defence
aerospace sector (with 43%) followed by civil aerospace (with
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facing the problem.
 The main ﬁndings of the survey are as follows: most of the
participating organisations did not calculate NFF costs nor do
they have any framework to estimate it.
 Organisations that do recognise NFF as a problem collect the
following data: reliability rate, logistics costs, contractual var-
iation within the customer base, repair cost, lost man-hour data,
down time hours on the machine, time wasted on testing the
unit, handling cost, shipping cost, assumption for cost to
replenish stock during the shop visit and material cost.
 The costs of NFF are often distributed between corrective and
preventive maintenance. Most of the NFF cost (approximately
90%) is observed during corrective maintenance and the rest in
preventive maintenance.
 The supply chain is an integral part of both types of main-
tenance and it affects both tangible and intangible costs. In both
cases cost due to lost man-hour, capital expenditure cost,
obsolescence cost and cost of maintaining a large inventory of
spares are the major concerns within the organisation.
 Cost drivers: maintenance costs, costs due to machine down-
time and unavailability are the major cost drivers. Additional
drivers include the cost of future failure (due to an unidentiﬁed
cause of the fault) and rising NFF rates (increasing frequency of
component transfer between operator and supplier), which in
itself are logistics induced maintenance costs. With reference to
the cost associated with the supply chain, the primary cost
driver was identiﬁed to be the transportation cost, followed by
machine downtime cost, packaging and handling cost and also
the intangible cost. Additional intangible costs include loss of
business, safety (when the fault still exists somewhere on the
equipment) and unsatisﬁed customer.
4.2. Data collection: interviews
After the online survey was ﬁnished the ﬁndings were analysed
and these ﬁndings led to the creation of a detailed set of questions
for the face-to-face interviews. These questions were more speciﬁc
on how organisations handle NFF cost, processes involved, what
key performance indicators are used and how do managers
benchmark their performance (a list of some of these questions
can also be found in the Appendix A). These interviews demon-
strated that the main root causes noted were as follows:
) Electronic connections,
) ageing components,
) rogue units that increase the rate,
) occurrence but are not sorted out by inadequate processes,
) tests or test equipment, and
) poor soldering is a surprisingly signiﬁcant cause resulting in
intermittent faults that might not show up in the test period on
the ground or at the supplier.
In addition, other prominent factors included customer culture,
human inﬂuences (such as change a Line Replaceable Unit (LRU)3
because a pilot wants an action or because it is quicker than taking3 A Line Replaceable Unit (LRU) is a modular component that is designed to be
replaced quickly at an operating location. It is usually a sealed unit, used to improve
maintenance operations, because they can be stocked and replaced quickly from
on-site inventory, restoring the system to service, while the failed (unserviceable)
LRU is undergoing maintenance. Because they are modular, they also reduce system
costs and increase quality, by centralizing development across different system
platforms.the time to investigate properly) and poor training. The key areas
where improvements should reduce the cost of NFF were identi-
ﬁed as better diagnostics (such as ensuring maintainers only see
messages that mean that they need to take an action). This
requires better understanding of:
) The Built-in Test Equipment (BITE),4
) equipment integration issues,
) health monitoring which allows data to be analysed separately,
) enabling intermittent faults to be more easily identiﬁed and
linked to the environments or actions,
) process improvements, and
) recognition of true costs of NFF throughout the organisation not
just at 1st line. Establishing a dedicated resource to drive in the
process and diagnostic improvements.
4.3. Framework development
The literature review and industrial interactions demonstrate
that there is a lack of frameworks that are available to assist with
estimating the cost of NFF. This gap led to the development of a
framework that is generic enough to be applied across organisa-
tions and industry sectors. Due to the inability to collect actual
cost ﬁgures from industry for different NFF cost drivers, the fra-
mework offers ratios between cost drivers and offers a probabil-
istic approach to recognise the cost across the supply network.
There are two types of costs estimated in this framework:
) the cost impact of NFF on a given system, and
) the cost to mitigate NFF.
The ﬁrst type, the cost impact of NFF, is experienced during
corrective and preventive maintenance. This refers to the costs
that are experienced after the NFF issue is identiﬁed. However,
from the survey results and interviews with industry personnel it
is clear that the primary NFF costs are experienced during cor-
rective maintenance – which is divided between the supply chain,
the OEM and the customer. The actual cost distribution would
depend on the speciﬁc contractual obligations, but it is also clear
that it is the customer who suffers more and bears the major
portion of the cost. This impact of NFF is not limited only to the
tangible cost as explained above, but also involves intangible costs
too. In any business it is easier to estimate the costs which are
tangible in nature, such as lost man-hour, handling and packaging
cost, machine downtime cost and warranty cover cost, than the
intangible costs like loss of business, deteriorating business rela-
tion, impact on the brand and image of the company and safety.
Among all the intangible costs, safety seems to be a key
contributor.
The second type, the cost to mitigate (or reduce) the impact of
NFF, is distributed across several areas within the supply chain.
This involves activities that are undertaken in order to reduce the
likelihood of experiencing NFF issues. It is also difﬁcult to quantify
such costs as it all depends upon the nature of the business. For
example, if an organisation deals with a large number of equip-
ment and man-hour then the cost of mitigating NFF will be rela-
tively higher due to the higher risks. Training is one of the key
areas for mitigating the effect of NFF. Hence, it is necessary to
allocate a part of the training budget for NFF training and pre-
paration of proper documents and manuals.4 Built-in Test Equipment (BITE) is primarily passive fault management and
diagnosis built into subsystems to support the maintenance process. It can also
refer to multimeters, oscilloscopes, discharge probes, and frequency generators that
are provided as part of the system to enable testing and perform diagnostics.
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Fig. 5. The generic framework for estimating the cost of NFF.
Table 2
Cost drivers for NFF.
Cost drivers
Supply chain OEM Customer
Transportation cost Capital expenditure Lost man hour cost
Machine downtime cost Inventory maintenance
cost
Maintenance cost
Packaging Obsolescence cost Warranty cover cost
Handling cost Repair cost Increased product cost
Intangible cost Machine unavailability
cost
Product dissatisfaction
Loss of business
Cost due the safety issues
Liquidated damage
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) scope deﬁnition,
) data analysis (process), and
) cost analysis (data acquisition).
Fig. 5 aims to classify the costs into corrective and preventive
cost across the supply chain, OEM and the customer.
Step 1. Scope deﬁnition helps in decision making at the stra-
tegic level and has two subsections as cost impact of NFF and cost
to mitigate NFF.
Step 2. Data analysis (process) is comprised of ﬁve sub-
sections as default data, data manipulation, data weighting, data
evaluation and cost estimation. Data manipulation is deﬁned as
one of many low level analysis techniques that are required. Data
weighting allows assigning different weights to the variables
during the analysis. It is usually used to remove skewness in the
data that is meant to represent a particular population. Data
evaluation is required to maintain both the quality of the available
sources of data for the purpose of the analysis, and the removal of
uncertainty from it. It is desirable to control the quality of raw data
and is highly dependent on the sources of availability. Finally, the
last section is the cost estimation.
Step 3. Cost analysis (data acquisition) focuses on the main
cost drivers: CM and PM. Both cost drivers have three subsections
as customer, supply chain and OEM. Table 2, covers the key cost
drivers associated with NFF experienced across the supply
network.
Each of these cost drivers are susceptible to dynamic behaviour
and require appropriate techniques in order to capture their
associated cost impact on the overall system. The following section
explains the simulation approach that was adopted within the
framework.4.4. Model development
The model developed within the framework uses an agent
based modelling approach using the software AnyLogic™. The
presented work is not limited to this software package and alter-
native agent based modelling solutions could also be employed to
carry out a similar analysis.
AnyLogic™ supports the common simulation methods i.e.
system dynamics, discrete events and agent based modelling. In
the NFF context, there are multiple variables that are of interest
that in common experience variability and exist in a highly com-
plex modelling environment.
The model developed includes a population of agents that
contribute towards the total NFF costs, which are divided in to
preventive and corrective maintenance costs. These two types of
costs each have three agents that represent the supply chain,
namely: customer, OEM and supply chain. Thus, there are nine
agents in total based on the supply chain, as represented in Fig. 6
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Fig. 6. State chart of the model.
Table 3
Variables used in the model.
Model variable Characteristic
NFFCost Cost of NFF events
CMaintenance Corrective maintenance
PMaintenance Preventative maintenance
CSc Corrective maintenance for Supply chain
Coem Cost of corrective maintenance for OEM
Psc Cost of preventive maintenance for supply chain
Poem Cost of preventive maintenance for OEM
CCustomer Cost of corrective maintenance for customer
PCustomer Cost of preventive maintenance for customer
J. Ahmet Erkoyuncu et al. / Int. J. Production Economics 173 (2016) 207–222216and Table 3. The behaviour of the model is controlled by the
transition from one state to another state. In the state chart for the
model, attributes are assigned, and the model output depends
upon these attributes. The state chart of the model is as shown in
Fig. 6, and the total NFF Cost is dependent on the amount of cor-
rective and preventive maintenance experienced across the supply
chain, OEM and customer. The main cost drivers across these were
listed in Table 2.
Relationships between the agents and the dynamic behaviour
of the model are described below:
) In order to analyse the actual cost, a range of pre-deﬁned
default values can be selected before the execution of the
model. Firstly, the values of input parameters depend upon
the project and also on the industry. Secondly, it is also noted
that the behaviour of NFF occurrence varies from project to
project and also from industry to industry. Thirdly, it is observed
that in the case of electronic components, the occurrence is
approximately double as that of mechanical components. These
three factors mean that the input parameter values depend
upon many drivers, which can change dynamically.
) The occurrence of corrective and preventive maintenance is
controlled by the parameter “factor” deﬁned in the model. To
simulate the result dynamically users can increase or decrease
the value as per their industry requirement.
) Corrective and preventive maintenance cost comprises of three
main agents including customer, supply chain and OEM. The
model uses the state chart utility called “rate” to capture this
relationship. Similarly, the rate was deﬁned for other detailed
parameters also. For the main and detailed cost drivers, user can
increase or decrease the parameter values and analysis of the
result with different combination of inputs.) The initial condition for the occurrences of NFF during CM is set
at 80% and for PM is 20%. The occurrence of NFF during the year
is considered as 500. From the online web survey result and
ﬁndings of the interview with industry experts, it is evident that
the occurrence of NFF during corrective maintenance is 80% at
the bare minimum. This is the basis for setting the initial con-
dition for the model. Similarly, the initial condition for customer
(at 50%), supply chain (at 20%) and OEM (at 30%).
The similarities found when NFF occurs during preventive and
corrective maintenance are; NFF mainly occurs at ﬁrst line where
faults are experienced. At second line much maintenance is
scheduled inspection and it is unlikely that NFF results from
scheduled maintenance. However, when a LRU is tested on second
line, then a big rate of NFF may be experienced because of factors
such as poor test equipment and test routines. Also, adequate data
is not available to the tester of the LRUs which adds usage when
the fault occurred. Even when available, it is required to replicate
that environment for the test. However, the dissimilarities are as
follows: preventive maintenance is an inspection or replacement
of items at the end of useful life so this is dissimilar to ﬁrst line
corrective maintenance. Inspection and replacement do not gen-
erate the sort of fault that will possibly end up as an NFF. In cor-
rective maintenance, there is an assumption that there is a fault
and if it is not located, it is declared NFF; preventative main-
tenance does not assume a fault.5. Veriﬁcation and validation of model results
5.1. Model input
As the actual cost ﬁgures from industry were not possible to
collect, this paper offers an innovative ratio based classiﬁcation of
the cost drivers to be able to estimate the NFF cost estimate. It was
collected during a workshop for the UK NFF WG with 8 partici-
pants (Participants 1– 5, 8, 10, and 11) who are employed across
four UK aerospace organisations. Participants were requested to
rank the NFF cost experienced. The rank was assigned on a 1–10
point basis (1 being the lowest and 10 being the highest impact).
The generated default values are used in the agent based model to
build relationships between different cost drivers. The default
values for sub-component of corrective and preventive main-
tenance are presented in Table 4. It can be observed that the lar-
gest NFF cost is typically experienced by the customer, then OEM
and supply chain.
Table 4
Default values of CM and PM sub-component.
Cost Driver Organisation-1 Organisation-2 Organisation-3 Organisation- 4 Sum Default value
Customer 10 10 7 5 32 0.5
OEM 7 5 5 3 20 0.3
Supply chain 6 5 1 2 14 0.2
Total 23 20 13 10 66 1.0
Table 5
Default value of customer cost drivers.
Cost Driver Organisation-1 Organisation-2 Organisation-3 Organisation-4 Sum Default value
Lost Man-hour 8 8 10 5 31 0.14
Maintenance Cost 9 8 10 9 36 0.16
Warranty cover 5 4 10 19 0.09
Increased product cost 7 5 9 5 26 0.12
Machine unavailability 10 8 9 2 29 0.13
Product dissatisfaction 6 8 8 22 0.10
Loss of business 2 8 10 20 0.09
Safety issue 10 8 10 28 0.13
Liquidate damage 2 4 1 5 12 0.05
Total 59 61 77 26 223 1.0
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5. As can be observed, the highest cost driver is the “maintenance
cost” followed by the “lost man-hours” and “safety issues”. These
cost drivers are essential when considering the NFF costs.
Table 5 demonstrates the default values captured for the customer
cost drivers.
The default values for cost drivers of OEM are as shown in
Table 6. The ﬁgures demonstrate that “repair cost” has the biggest
impact on NFF cost.
The default values for the supply chain cost driver are as shown
in Table 7. Accordingly, the “machine down time” and “transpor-
tation cost” are the two main cost drivers experienced.
The default values of the input parameters are being used for
generating the output in unit cost. However, the actual value of the
output depends upon the real input provided by industry for the
respective project/component and it can be assigned dynamically.
Similarly, in the real environment the unit cost is the actual cur-
rency used by the respective industry.
5.2. Model output
The time unit for the model is deﬁned in terms of month and
the model generates output for twelve months/one year. An out-
put of the model in unit cost is as shown in Fig. 7.
The output stated above represents only one instance of the
model, and in a similar way a number of outputs can be generated
by varying the parameters dynamically and the result can be
analysed. Tabular representations of the NFF cost in percentage as
well as absolute value are also shown below. Tables 8 and 9 show
the distribution of corrective and preventive maintenance cost
respectively, whereas Table 10 shows the distribution of total
NFF cost.
5.3. Model uncertainty and sensitivity
5.3.1. Uncertainty
The model takes account of uncertainty through the number of
NFF events that occur. This is represented through triangular dis-
tribution, which requires speciﬁcation of the maximum, minimum
and most likely ﬁgures. The triangular distribution was the pre-
ferred option due to the relative ease for industry to provide
values to represent the extremes of NFF events occurring. Thevalues covered in the previous section represent the most likely
estimates. This in turn inﬂuences the total cost. To analyse the
uncertainty of the developed model, standard deviation, variance
and standard error are calculated.
5.3.2. Sensitivity
NFF occurs due to a number of root causes. It means that the
cost will not be the same for different root causes. To capture this
behaviour of the model, the root cause sensitivity is provided. The
purpose of this is to capture the varied output while the model is
running. A graph was plotted from the survey result data and a
bell shaped curve was formed. The frequency diagram of root
cause sensitivity reﬂects the frequency of NFF events that is shown
in Fig. 8. The ﬁgure shows that during operational maintenance
there may be between 0 and 14 root causes. Furthermore, at 7 root
causes the frequency of NFF events may be maximised.
5.4. Model optimisation
Optimisation is deﬁned as a process in which the values of the
parameters with respect to the objective function are found which
gives an ideal solution (Huang and Teghem, 2012). While ﬁnding
the objective of minimising or maximising the factor, the best case
for the parametric value (e.g. frequency of NFF events) of other
parameters such as the value of customer, supply chain and OEM
are obtained and reported. In order to clarify the terms used for
the optimisation:
 Factor is used to control the occurrences of NFF during cor-
rective and preventive maintenance. If the value of ‘factor’ is set
as 1, then the occurrence of NFF will be in corrective main-
tenance only. Similarly, if the value of ‘factor’ is 0.9 it means that
90% occurrence of NFF will be in corrective maintenance and
10% in preventive maintenance.
 Optimisation refers to achieve the maximum/minimum value
of ‘factor’, which controls the occurrence of NFF during cor-
rective and preventive maintenance.
 Values of the parameters: Once the objective maximisation/
minimisation is achieved the simulation gives the values of the
different parameters at which the maximum/minimum value is
achieved.
Table 6
Default values of OEM cost drivers
Cost Driver Organisation-1 Organisation-2 Organisation-3 Organisation-4 Sum Default value
Capital expenditure 4 7 7 5 23 0.21
Inventory maintenance 4 8 9 5 26 0.24
Obsolescence cost 4 7 6 10 27 0.25
Repair cost 6 9 9 10 34 0.31
Total 18 31 31 30 110 1.0
Table 7
Default values of supply chain cost drivers.
Cost Driver Organisation-1 Organisation-2 Organisation-3 Organisation-4 Sum Default value
Transportation Cost 5 6 6 10 27 0.30
Machine Down Time 5 8 10 5 28 0.31
Packaging and handling cost 4 5 3 10 22 0.24
Intangible Cost 3 5 5 13 0.14
Total 17 24 24 25 90 1.00
Fig. 7. Model output.
Table 8
Corrective maintenance output.
Corrective maintenance parameters Contribution (%) Unit cost
Customer cost 75.5 d4,644.0
OEM cost 9.8 d599.2
Supply chain cost 14.7 d904.8
Total Corrective Maintenance Cost 100 d6,148.0
Table 9
Preventive maintenance output.
Preventive maintenance parameters Contribution (%) Unit cost
Customer cost 74.1 d1,096.5
OEM cost 11.0 d162.4
Supply chain cost 14.9 d220.4
Total preventive maintenance cost 100 d1,479.3
Table 10
Total output.
Total NFF cost parameters Contribution (%) Unit cost
Corrective maintenance cost 80.6 d6,148.0
Preventive maintenance cost 19.4 d1,479.3
Total NFF cost 100 d7,627.3
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In Case I the objective was set to minimise the parametric value
of the parameter factor. The default value for this parameter
(percentage of contribution to cost) is set at 0.8, which is not the
best solution of the model. While running the model the other
three parameters, i.e. the customer, supply chain and OEM are also
optimised. The optimisation of the parameters is done by using the
utility of the software named optimisation. The graphical repre-
sentation of the optimised (minimise) solution is as shown
in Fig. 9. From the result as shown in Table 11, the minimum value
of factor is 0.89, it means that the occurrence of NFF during cor-
rective maintenance (CM) will be 89% while that of preventive
maintenance (PM) will be 11%. The corresponding values of other
parameters are customer (0.54), supply chain (0.18) and OEM
(0.28).
5.4.2. Case II objective: maximisation
In case II the objective was set to maximise the parametric
value of the parameter factor. The graphical representation of the
optimised (maximise) solution is as shown in Fig. 10. From the
result as shown in Table 12 the maximum value of factor is 1.00, it
means that the occurrence of NFF during corrective maintenance
(CM) will be 100%, while during preventive maintenance (PM) will
be 0.00%. The corresponding values of other parameters are cus-
tomer (0.55), supply chain (0.15) and OEM (0.40).
5.5. Model validation
The validation of the generic framework and the corresponding
simulation model is done by three industry engineers/managers
who face NFF problems. All three experts (Participants 1, 5 and 7)
are working in the aerospace sector, and have a combined
experience of 34þ years. These participants had also taken part in
the pre data collection phase of this project.
The validation was achieved through semi-structured inter-
views that lasted two hours each. The interviews comprised of
questions that collect data for the following:
 user interface,
 the calculation logic used for cost estimation,
 the input parameters and difﬁculty in obtaining these data, and
 the model output and ﬁnally the tool applicability.
About the overall model applicability, the interviews revealed
that it varies from organisation to organisation. About the overall
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tion to organisation because each stakeholder treats NFF
differently.
Participant 1 highlighted that “the developed cost estimation
framework is applicable at various levels including component,
system/project and organisation”. Participant 5 emphasised that
“in the absence of data for the whole organisation, the company
may collect the data for one component and analyse its total cost”.
All participants suggested that the model can provide their orga-
nisation the ability to analyse the cost of NFF for a particular unit
only. This was suggested to help in focusing the core areas where
improvement can lead to reducing NFF cost. In summary, it can be
advocated that the input, calculation logic and the output of the
model fulﬁls the requirements of this research. Furthermore, its
applicability depends upon the industry in consideration.1
2
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Fig. 8. Root cause sensitivity.
Fig. 9. Best feasible solutions6. Discussion
The paper presents a dynamic time based modelling approach
that can be applied (e.g. agent based) to represent the cost of NFF
across the supply chain. To develop the simulation model, the
prerequisite is to collect data to identify the key cost drivers within
(and outside) the organisation – covering the entire supply chain.
The managerial implication are to help understand the costs
involved and hence in the decision making process. This section
discusses the authors’ outlook on the study.
6.1. Academic ﬁndings
From the literature review it was realised that the costs
attributed to NFF events can be classiﬁed into three categories:
) The preliminary cost: these are all costs associated with the
event investigation. These incorporate time for diagnosis, loss of
man hour (due to surplus testing) and the replacement of ser-
viceable components from operation.
) The secondary costs: These are all costs associated with testa-
bility of suspected units (that were removed). The ability to
carry out environmental testing and intermittent fault detection
and isolation can considerably affect the overall maintenance
budget at this point.
) The tertiary costs: These are all costs associate with component
support services. Within the supply chain, these costs willwhile minimising factor.
Table 11
Optimised value of parameters (minimisation).
Parameter Default value Best solution
OEM 0.3 0.28
Supply chain 0.2 0.18
Customer 0.5 0.54
12
Fig. 10. Best feasible solutions while maximising factor.
Table 12
Optimised value of parameters (maximisation).
Parameter Default value Best solution
OEM 0.3 0.38
Supply chain 0.2 0.15
Customer 0.5 0.47
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demand – considering that a signiﬁcant number of units in the
repair loop are not in fact faulty).
Secondary costs are perhaps the most important of the three.
Given the increasing total cost of ownership, tight maintenance bud-
gets, and attempts to remain competitive, verifying the functionality of
the component can be a risky option. How far would testability efforts
go in order to ensure that all environmental conditions and system
failure modes are recreated to test system functionality?
If the answer to the question is “minimal” testability efforts,
then the organisation’s ethos is to maximise the return on their
contracts rather than enhance their maintenance practises. This
will result in a rise in the number of unscheduled removals –
leading to an increase in NFF events. The fact that most commer-
cial contracts do not acknowledge NFF as an issue; no mechanisms
are placed to calculate its true costs. With no deﬁned metrics or
responsibility, NFF continues to cause wastage of resources and
unproductive time utilisation – adding to maintenance costs,
downtime and unavailability of systems.
The model presented in this paper has three sections that serve
the purpose of the organisation at different levels. At the top level
it has decision support feature which helps the top management
of the organisation in making strategic decisions. At the second
level it helps in making the decision at the middle management
level, as most of the decisions taken by middle management deals
with processes of the organisation. At the lowest level the detailed
cost drivers are identiﬁed and are a part of shop ﬂoor activities.
This shows that the developed framework is useful to all the three
levels of management in the organisation. Similarly, the genericframework for NFF cost estimation demonstrates how qualitative
and quantitative information can be used together to achieve
maintenance objectives. It helps in understanding the inter-
relationships of the various activities, which contain the functions
and processes that interrelate to contribute to the overall
system costs.
The developed framework can be improved if the real data
from the industry were available. In the absence of real data the
framework is built on some assumptions such as the contribution
during the corrective and preventive maintenance. Similarly, the
default values were collected during the NFF workshop and it may
happen that due to small number of participants the values are
skewed. The developed generic framework could also be veriﬁed
and validated for their reasonableness in other companies having
the similar work environment and these may be further reﬁned or
expanded.
6.2. Industrial perspective
The number of responses to the questionnaire is satisfactory,
however the response might be skewed to aerospace, military and
defence and railways. One of the reasons for this is that the ori-
ginal respondents are predominantly from those areas. Similarly,
mostly the respondents have a technical background and experi-
enced NFF for a long time. This has led to the impression that the
NFF problem is more technical than commercial. The people who
hold more commercial roles in their organisation might have a
better understanding of business and cost impact. It means that
the contribution of these people may be more beneﬁcial.
) NFF corrective maintenance cost is much higher than the pre-
ventative costs. This requires further methods and techniques
that can help to reduce the costs experienced. The scale of
corrective maintenance requirements could potentially be
associated with the lack of information that gets ﬁltered down
by the customer to the OEM and supply chain.
) The OEM experiences the least amount of NFF corrective
maintenance cost, compared to the customer and the supply
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the supply chain. This demonstrates that there is a lack of
recognition of the NFF costs in Contracting for Availability type
arrangements, which is contrary to the literature. Future
expectation would be to experience further NFF inclusive
solutions offered by the OEM and supply chain.
) NFF preventative maintenance costs are less than corrective
maintenance costs as expected. Similar to corrective main-
tenance, the OEM experiences the least amount of cost com-
pared to the customer and the supply chain.
This framework is applicable to a particular component, sys-
tem/project and organisation. In the absence of data for the whole
organisation, the company may collect the data for one component
and start analysing NFF cost. It is being experienced that some of
the units are having more occurrences of NFF than another. By
applying the framework on one component, the organisation has
the liberty to analyse the cost of NFF for that particular unit only.
This will help in focusing the core areas where improvement can
lead to reducing NFF cost. Similarly, the electronic components are
seen having more NFF occurrence than mechanical components.
The framework is able to analyse the NFF cost separately for
electronic and mechanical components considered as different
projects. This can lead to the NFF cost calculation for a system or
project. Finally, if the data is available for the whole organisation,
the total cost impact can be calculated for the whole organisation.
In summary, it can be said that the developed framework may be
applied to calculate the NFF cost of a component, system/project
as well as for the whole organisation.1
27. Conclusions and future work
To the best of the authors’ knowledge the performed study has
moved the body of scientiﬁc knowledge by reviewing existing
literature related to NFF costs and proposing a framework to
model the cost impact of NFF. The aim is to provide a generic
picture of the major cost drivers and provides academic and
industrial perspectives to manage the NFF costs. The methodology
presented has shown that models developed in Section 4 can be
used to support decision makers for managing their supply chains,
both during normal operation and with an NFF overhead.
Supply chains are complex and adaptive systems with many
heterogeneous actors and physical components interacting
through different ﬂows, including material, information, monetary
and social ﬂows. Furthermore, decision making in a supply chain is
distributed among different actions, and each of these actors has
its own objectives and procedures for decision making. The col-
lective decisions made by these autonomous actors at various
levels of the system result in the overall system behaviour.
Therefore, the need for a modelling approach that can capture all
these interactions and complexities becomes relevant. Agent
based modelling is ﬂexible and can deﬁne a broad range of
experiments with different scenarios to answer “what if” ques-
tions; this is critical for decision support under disruptions or in
the design phase. The model developed here follows a top down
approach, making it relatively simple to change the conﬁguration
at the systems level: it is easy to include new maintenance costs
and attributes.
In summary, the research outcomes beneﬁt organisations in
estimating the cost of NFF within their organisation and also
across the whole supply chain.
The developed framework serves the purpose of offering
guidelines in the selection and estimation of NFF cost. In parti-
cular, it helps with the following:) Identiﬁcation of abnormal cost drivers and its behaviour.
) Associated performance metrics with cost implications.
) Allow analytical and heuristic sources to be used effectively
alongside process history, costs and risks.
) Be accessible for additional cost/heuristic data to be incorpo-
rated without any alterations.
) The knowledge of how an NFF affects the overall system can
lead onto the notions of where to concentrate and where to
minimise effort.
The framework can help with answering a number of questions
such as the following:
) If in a contract the customer has bought a number of repairs up
front, and if there is an NFF, it will result in additional cost to the
customer, no signiﬁcant cost to the contractor and ﬁnal proﬁt to
the supplier.
) If the supplier is asked to investigate NFF more vigorously he/
she will often have a signiﬁcant additional charge (could be
even double) – at this stage more proﬁt to the supplier, more
cost to the customer and the contractor.
) If the investigation results in fewer components being sent back
for repair, it will result in cost savings to the customer and a loss
of proﬁt for the supplier.
) If the investigation results in a defect being identiﬁed on LRUs,
this could result in the supplier charging against the repair
contract for the fault or being liable for repairs and having to
make preventative repairs on all other return LRUs.
) Further strip and test at subsequent levels may uncover faults
not related to the original fault, so may hide rate and the cost of
NFF. On the other hand the cost of the test and repair will still
have to be paid, but might not have really been needed if earlier
tests had been more successful.
There are some barriers that may affect the applicability to use
this modelling approach: one main challenge concerns validation
and this is one of the main sources of much of the criticism that
agent based modelling has received in the literature. However, in
this case, agent based simulations help in analysing the actual
distribution of the different costs associated with NFF which has
been validated by three industry experts working in NFF supply
chain management.
In addition, the behaviour of the model is dynamic and sensi-
tive to various factors. Here, the sensitivity is provided at two
levels: the ﬁrst level of sensitivity is due to the variation in root-
cause occurrence, whereas the second level of sensitivity is due to
variation of different parameters involved across the customer,
OEM and supply chain.
7.1. Future work
This work has opened up a wide area of future work. There are
a number of areas that are being suggested by the author for
consideration:
) The costs and its breakdown are sensitive within and between
organisations. The people within the company working in more
commercial roles may have better access to these data as
accessed by the people who are working in the UK NFF WG.
Hence interdisciplinary involvement will provide better under-
standing of the cost and its breakdown.
) Some of the costs such as loss of business, safety issue, product
dissatisfaction and obsolescence cost are difﬁcult to quantify
and hence require more work and a deﬁned framework for its
quantiﬁcation.
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of NFF i.e. the customer, OEM and the supply chain. The output
comparison at a further detailed level of the cost drivers may be
considered.
) Involvement of other industries will also help in understanding
the cost of NFF, because as of now the majority of the con-
tribution are coming from military and defence, aerospace (civil
and defence) and railways only.Acknowledgements
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The NFF-related questions are as follows:
1) What are the most frequent causes of the NFF problem?
2) Does your organisation consider NFF costs as wastage?
3) Does your warranty cover for NFF?
4) Do you measure the cost of NFF within your organisation?
5) Do you use any key performance indicators for this? If so, what
are they?
6) Where does the cost impact of NFF fall within your organisa-
tion? Who suffers?
7) Do you know of any mechanisms or processes (technical/pro-
cedural, etc.) that can be put in place for dealing with the
impact of NFF events and also to reduce the overall number of
NFF occurrences?
8) Does your organisation track rogue units or components, if
so how?
9) What areas are of signiﬁcant importance when trying to
understand NFF costs?
0) What is the occurrence/frequency rate of NFF events?
1) Are there any standard procedure/method to identify the NFF?
2) What are the current practices to record NFF issues?
3) What are the limitations in the testing equipment or
measurement tools?
4) Do you think that the inappropriate usages by the customer
can also a cause NFF event?
5) Do you maintain any NFF component database for cost esti-
mation purposes?References
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